As an important part of the application-specific integrated circuit (ASIC) in wireless capsule endoscopy (WCE), the efficient compressor is crucial for image transmission and power consumption. OBJECTIVE: In this paper, a complexity-efficient and one-pass image compression method is proposed for WCE with Bayer format images. The algorithm is modified from the standard lossless algorithm (JPEG-LS). METHODS: Firstly, a causal interpolation is used to acquire the context template of a current pixel to be encoded, thus determining different encoding modes. Secondly, a gradient predictor, instead of the median predictor, is designed to improve the accuracy of the predictions. Thirdly, the gradient context is quantized to obtain the context index (Q). Eventually, the encoding process is achieved in different modes. RESULTS: The experimental and comparative results show that our proposed near-lossless compression method provides a high compression rate (2.315) and a high image quality (46.31 dB) compared with other methods. CONCLUSION: It performs well in the designed wireless capsule system and could be applied in other image fields.
Introduction
Wireless capsule endoscopy (WCE) is a state-of-the-art technology that evaluates the entire gastrointestinal (GI) tract with a noninvasive and painless procedure [1] . Given Imaging Company released the first commercialized WCE, which could be easily swallowed by patients [2] . Some other types of CEs, introduced by Olympus, Pentax, and Siemens, are also on the market [3, 4] . These capsules consist of a tiny image sensor with LED-based illumination, a processing and controlling unit, a RF transmitter, and small batteries. Due to peristalsis, the capsule moves through the GI tract, capturing images that are then wirelessly transmitted to a storage device worn by the patient. However, they only last for about eight hours and acquire 2 frames per second. To reduce the power consumption and resolve the bottleneck of wireless communication bandwidth, the image compressor of application-specific integrated circuit (ASIC) is crucial in WCE [5] [6] [7] . At present, there are various studies committed to the future generations of WCE, which capture images in Bayer format, thus reducing the amount of data to one-third [8] . However, with the rapid development of image sensor technology, images with a high frame rate, good quality, and strong resolution in the Bayer pattern still exceed the bandwidth of the transmitter. Many compression methods for images in Bayer format have been presented for higher-compression performance [9] [10] [11] . But, these methods allow for some information contained in original images to be lost, resulting in error. There are also a few lossless and high-quality compression methods presented based on structure transformation [5, [12] [13] [14] [15] [16] [17] , but their computation complexity is too high to be adopted in wireless endoscopy application. Moreover, they all belong to multiple-pass compression mechanisms, which are more costly in terms of hardware resources.
Among various existing lossless compression schemes, JPEG-LS is the ITU/ISO standard for lossless image compression. It is ideal for hardware implementation because of its relatively low complexity algorithm, low storage requirement, efficient compression capabilities. The WCE images have similar backgrounds, while the medical diagnosis on these images could be represented by some the specific color and texture. So, JPEG-LS is suitable for WCE images. However, the efficiency of JPEG-LS directly used to compress Bayer images is too low, due to poor spatial correlation of adjacent pixels. So, a series of improvements must be proposed. In the present study, a complexity-efficient and one-pass image compression method, modified from JPEG-LS, is proposed for WCE with Bayer format images. In order to achieve this mechanism, a causal interpolation should be used to acquire pixels of the same color as the pixel to be encoded. Then, a gradient predictor is designed in regular mode to improve the prediction accuracy. The gradient context is re-quantized to obtain the optimum quantization interval. Figure 1 shows the flowchart of the proposed method. With these designs, the proposed near-lossless compression method provides a high compression rate and high image quality.
Materials and methods

Causal interpolation of the current pixel
In order to fully reflect the statistical features of the current coding pixels, an extended context template is adopted, shown in Fig. 2(a) . The pixels in the context template must be the same color as the current pixels. Causal interpolation is thus proposed in the location Ra-Rf. In view of the different primary colors of the current pixel, different manners are adopted:
(1) For R primary color pixels, the interpolation template is shown in Fig. 2(b) . The estimate of R color pixels in the context template are given by:
For B primary color pixels, the estimate of R color pixels in the context template are interpolated in the same manner as R primary color pixels. (2) For G primary color pixels, the interpolation template is shown in Fig. 2(c) . The estimate of G color pixels in the context template are given by:
Taking advantage of spectral correlations of Bayer format image, Eqs (1) and (2) estimate the pixel values in the context template by only using previous pixels of the current pixel. So, the proposed method is called causal interpolation, which can be executed with simple additions and shifts, meeting the requirements of low-complexity.
To evaluate the influence of different interpolation methods to the distribution of prediction error, the peak signal-to-noise ratio is obtained with: where i = 1, 2, 3 denote the three primary color components; M , N are the height and width of the image. Compared to the interpolation method proposed in literature [18] , the test results of PSNR after predicting correction of standard JPEG-LS with Kodak images in Fig. 3 (a) are listed in Table 1 . From the table, it can be seen that the quality of the reconstructed images of causal interpolation is 14.1 dB lower than that of literature [18] . However, this does not indicate a significant difference in the distribution of prediction error. Figures 3(b) and (c) show the histogram distributions of prediction error in literature [18] and that obtained by the proposed method with image 3, respectively. The prediction errors are more concentrated near zero in the literature [18] . Although a better interpolation method leads to sharper distribution curves, which could potentially improve the coding efficiency, its complexity and non-causality determines that it cannot be applied in the design of one-pass encoder.
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Gradient predictor
The distribution of the prediction error with causal interpolation expands on two sides away from zero, which is shown in Fig. 3(c) . This means that the number of coding items increases, resulting in lower coding efficiency. A gradient predictor is designed to make up for this by improving the prediction accuracy. There are 7 pixels in the prediction template, shown in Fig. 2(a) . The current pixel can be effectively predicted based on the gradient in the prediction template. If we analyzed the local gradient in the template, the gradient predictor presented here calculates the predictive value according to the gradient variation of the current pixel.
The steps of gradient prediction are as follows:
Step 1: Calculate the horizontal gradient:
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Step 2: Calculate the vertical gradient:
Step 3: Adaptively adjust the predictor according to the value of Rh and Rv:
wherex GAR is the predictive value; T 1 , T 2 , T 3 are gradient thresholds that are obtained through experiments. During the process of prediction, comparisons, shifts, and additions are used. These methods can be easily implemented by hardware. The computational complexity is slightly higher than a median predictor, but the gradient predictor achieves a more accurate prediction in high-frequency regions of the image.
Gradient context optimization
The output of the gradient predictor should be further corrected based on a context model. In addition, the quantization performance of the context model directly determines the accuracy of the conditional probability estimate, thus affecting the coding efficiency. To acquire the optimal quantization interval, the context obtained from causal interpolation needs to be re-quantized for Bayer format images.
According to the theory of source coding, the least bit number of continuous encoding for sequence x 1 , x 2 , . . . , x n is given by:
Under the conditions of the context, the minimum entropy could be achieved. But in practice, the size and quantity of the context is limited, and a smaller size or quantity can reduce the cost of the model. The Lloyd iteration method [19] is adopted here with the minimum entropy as the cost function to re-quantize the context. The optimized context quantization intervals are determined as follows:
The coding efficiency could be improved by 2%∼3% with these intervals. Fig. 4 . Three parallel data paths inside the encoder.
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Parallel data encoder
To minimize the resource utilization and power consumption, a complexity and power efficient data encoder should be designed for VLSI implementation. Three parallel data paths are adopted in our presented date encoder, as shown in Fig. 4 . The three pipelines are the run-normal mode, the run-interruption state, and the regular mode. Only one pipeline is activated according to the mode determinations in the dark gray color, which avoid the unnecessary computation of the other two pipelines for each pixel.
Considering the similar background of WCE images, the processing time, the power consumption and the unnecessary switch of activities would be effectively reduced due to the low computation complexity in the pipeline. On the other hand, the common computation, such as the Golomb parameter k and the Golomb coder, could utilize the sharing of resources among pipelines, which might significantly reduce the gate counts.
Results
In our experiments, we compare the proposed near-lossless compression method with other methods developed from standard JPEG-LS compression to evaluate its performance. The tested Bayer format images are re-sampled from the five typical 24-bit color images with size 512 × 512. The comparison results are illustrated in Table 2 .
Among the compression algorithms in Table 2 , the proposed algorithm provides the highest average compression rate, as well as a high PSNR of 46.305 dB. The average compression rate is 2.315 in the five standard test images. We must note that the standard JPEG-LS lossless and near-lossless compression methods used with Bayer images have very low compression rates. The method presented in [5] is achieved according to the structure conversion of Bayer array to separate the three color components. Then, the JPEG-LS near-lossless compression with near = 2 is used for R, G and B. The method provides a slightly lower compression rate, but a higher PSNR by 0.12 dB. However, the structure conversion method determines that it cannot satisfy one-pass mechanism, which means large storage resources. Compared to the compression method presented in [20] , the new method improves the compression rate by 0.77 at the cost of a 0.1 dB decrease of PSNR. So, considering the trade-off between the compression rate and the image quality, the proposed compression method is more suitable for the wireless endoscopy system.
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A wireless endoscopy system is designed based on the new compression algorithm proposed in this paper and is shown in Fig. 5(a) . The CMOS sensor produced by OmniVision Technologies, Inc is adopted with a resolution of 400 × 400, and is in a digital parallel Bayer format output. The ASIC is fabricated in 0.18-µmCMOS technology with a die area of 5.0 mm × 5.0 mm. The whole size of the capsule is Φ 11 × 26 mm.
Under the High clock of 40 MHz, the performance of the proposed compression method in the designed capsule system is shown in Fig. 5(b) . The full-color pig's intestine images are rendered by an edge-sensing demosaicing method [21] . The compression rate is acceptable, and the duration of the process is satisfactory.
Discussions and conclusion
As a key part of ASIC, the design of the compression method should comprehensively consider the computational complexity, the storage resources, the processing time, and the power consumption. In view of this, a complexity-efficient and one-pass image compression method suitable for an ASIC design based on Bayer format images has been presented. The average compression rate could reach 2.315 with a relatively high PSNR of 46.3 dB. The experimental and comparative results show that our new, near-lossless compression method performs better than any other method considering the numerous restrictions of wireless capsule endoscopy. It performs well in the designed wireless capsule system, reducing the bandwidth of image communication and allowing it to be applied to other fields.
The method proposed achieved considerable experimental and actual results. However, there are some drawbacks. Firstly, the PSNR in the proposed method displays little to no significant improvement when compared with other algorithms, which results from the rounding operation of shifts in causal interpolation and gradient prediction. Secondly, the actual compression rate is not as good as that in standard test images. The essence of JPEG-LS is predictive coding, so a higher resolution means a larger CR, as well as a more accurate diagnosis of GI diseases. Future studies will focus on optimizing the rounding operations and improving the resolution of the image sensor in the wireless capsule system.
